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Abstract—This paper proposes Power Line Communication
(PLC) schemes that improve the data rate of PLC systems
while combating impairments resulting from frequency
disturbances like impulse noise. Firstly, a modified
subcarrier selection technique that can be employed to
transmit one or more M-ary Phase-Shift Keying (MPSK) or
M-ary Quadrature Amplitude Modulated (MQAM) symbols
within a subset of the subcarriers of an orthogonal frequency
division multiplexing symbol. The proposed subcarrier
selection technique employs the cyclic rotation of a set of
subcarriers, chosen from a group of subcarriers to transmit
the selected MPSK or MQAM symbols. A second scheme that
employs the rotation of MPSK or MQAM symbols among a
group of subcarriers, to increase the data rate of the PLC
system is proposed. The proposed schemes show
improvement in error performance when tested over
Additive White Gaussian Noise (AWGN) and impulse noise
of a PLC system despite the increase in the data rate.
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I. INTRODUCTION

Power Line Communication (PLC) systems have been
employed for different purposes for a very long time.
Some of their applications include telephony, control of
street lights, intercoms, power transmission systems, and
smart grids [1]. PLC is a convenient and cost-effective
communication system, this is because power distribution
networks are available in almost every community [2].
PLC has become all the more attractive because of its
application in the Internet of Things (loT) for smart grid
applications [3]. In order to realize seamless
communication among home appliances and across the
grid, small and reliable power line modems have been
designed having different standards emerging since 1990s
[4]. Some of the standards which have emerged over time
include the HomePlug AV [4, 5], HomePlug 1.0 [6],
HomePlug AV2 [7], etc. Despite the numerous advantages
of PLC, itis always limited due to noise disturbances along
its channel.
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Hence, researchers are constantly looking for options to
mitigate the noise effect in PLC [8].

An important modulation technique that has been found
to be very attractive for PLC systems is Orthogonal
Frequency Division Multiplexing (OFDM)), this is because
of its ability to mitigate intersymbol interference and
interchannel interference. Furthermore, it offers improved
spectral and power efficiency and is immune to multipath
fading [9, 10]. A pictorial representation of the subcarrier
frequencies of an OFDM symbol is presented in Fig. 1,
while the system model of an OFDM transmission system
as presented in [11], is shown in Fig. 2.

Figure 1. Multiple OFDM subcarrier frequencies
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Figure 2. System model of an OFDM transmission scheme [11]

The numerous advantages of OFDM to communication
systems, in general, have engendered more focus by
researchers of PLC to seek more applications of OFDM to
PLC systems including improvements in spectral
efficiency of PLCs [12].



Journal of Communications vol. 18, no. 2, February 2023

The OFDM scheme is an attractive scheme for PLC
systems because of its ability to combat noise distortions
along the PLC channels. This noise distortion is evident
because PLC systems employ power distribution networks
for communication [13]. For example, the authors in [12]
showed that employing quadrature phase-shift keying
(QPSK) with OFDM is capable of combating frequency
disturbances when selected subcarriers are used for
transmission. Furthermore, in the research presented in
[13], the authors proposed different selected subcarrier
techniques, where one or two M-ary PSK (MPSK)
symbols are transmitted over some selected subcarriers.
Furthermore, in [14], the authors presented the effect of
asynchronous noise and its performance On PLC when
used with OFDM.

In similar research, the authors in [15] presented a
robust transmission OFDM M-ary frequency-shift keying
(OFDM-MFSK) scheme that is capable of performing
better in fast fading channels. Firstly, this OFDM-MFSK
scheme groups the OFDM symbol into 1 groups, such that
the OFDM symbol is given as X = [X1 X2 Xyl,
with each of the groups x; = [X1 X2 xp], fori €
[1: ] having ¢ subcarriers. This means the fast Fourier
transform (FFT) size of the OFDM symbol becomes y#.
In each of the i-th groups, only one subcarrier is active
while others are inactive. Although this scheme exhibits
improved performance in fast fading channels, does not
need prior knowledge of channel estimates, and is robust
against time variation, it was not tested with the QPSK
modulation and had more room for improvements in terms
of data rate because of the low bandwidth efficiency of
about 0.5 per subcarrier.

Having identified these lapses, the authors in [12]
proposed several schemes to improve the data rates. The
increased data rate was achieved by employing at most
three subcarriers to transmit QPSK symbols for the
selected subcarriers. For example, the conventional
QPSK-OFDM system, where all subcarriers are enabled
for transmission is Scheme A. Scheme B is similar to the
OFDM-MFSK described earlier. However, instead of just
transmitting a tone on the selected subcarrier of the
individual groups, a QPSK symbol is transmitted.

In Scheme C, the authors employed a quadrature
indexing technique similar to but not exactly the method
of quadrature spatial modulation OFDM given in [16].
This is because the method of [16] was employed with a
multiple-input multiple-output (MIMO) wireless system
having several antennas. The real part and the imaginary
part of the QPSK symbol are transmitted through different
subcarriers. For example, given that the QPSK symbol
x = x, + jy; is selected for transmission by the first and
third subcarrier. If we assume that £ = 4, then, for Scheme
C, x; will become x; =[x, 0 jy; 0], where x, and
y; are the real and imaginary parts, respectively, of the
QPSK symbol x, while j = v—1. This scheme showed
that the data rate of PLC can be improved while combating
the different noises, viz, Additive White Gaussian Noise
(AWGN), narrowband noise [17], and impulse noise [18,
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19]. Although this scheme has shown improvement in data
rate, we have noted that it did not consider the performance
of Quadrature  Amplitude Modulation (QAM).
Furthermore, we note that there is still room for
improvement in the data rate. Hence, we are motivated to
propose enhanced subcarrier selection techniques that are
capable of increasing the throughput of PLC
communication systems while retaining the link quality of
the PLC system.

Based on the points mentioned above, we are the first
contribution of this paper is to present the BER
performance of an M -ary QAM (MQAM) subcarrier
selection scheme for an OFDM PLC system. Secondly, we
propose an improved subcarrier selection scheme capable
of improving the data rate of PLC systems. The proposed
scheme employs sets of cyclically rotated MQAM
symbols to improve the data rate of PLC systems.

Notations: We have employed the following notations
in this paper; matrices are denoted by bold uppercase
letters, while bold lowercase letters denote vectors unless
it is stated otherwise. The notations ()7 and ||||r
represent the transpose and Frobenius norm, respectively.
j =+—1is a complex number while |z],, represents the
nearest power of 2 less than equal to z.

I1l. SYSTEM MODEL

A. Background of Subcarrier Selection

The input bits of a PLC system that are to be transmitted
through the PLC channel is employed to select tones of a
Multiple Frequency-Shift Keying (MFSK) modulation or
a symbol of an M-ary amplitude and/or phase modulation
(APM) symbol. To prevent intersymbol interference,
OFDM, a multi-carrier modulation system, where the
information to be transmitted is carried by N subcarrier
frequencies which are orthogonal to one another is
employed [20]. Traditionally, the conventional time-
domain OFDM symbol is of the form.

x=[X1 X xn]" 1)

The OFDM symbol of the a-th data to be transmitted is
obtained by performing the inverse fast Fourier on the
input vector x given by [21]:

N-1

O]

where x;, is the k-th IFFT of the input vector x. x, is the
a-th element of the input vector x. N is the IFFT size of
the OFDM modulator.

To transmit APM symbols within a block of ¢
subcarriers, the frequency selection technique splits the
input bits meant for this purpose into two parts. One set of
the input bits is employed to select one or more subcarriers
that are used for the transmission of the APM symbols. The
other set of bits is employed to select the APM symbols to
be transmitted. However, this is not all, as there may be a
need for further processing. For example, given that within
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a block of four subcarriers only one subcarrier is intended
for transmitting a BPSK symbol. There will be a need for
log, ¥ = log, 4 = 2 bits to select the subcarrier, while
another log, M =log,2 =1 bit to select the BPSK
symbol to be transmitted, viz. —1 or +1. If we assume
that the input bits are (010), the assignments will be as
given in the first row of Table I.

TABLE I: APM AND SUBCARRIER SELECTION METHOD

Input bits Subcarrier Index APM bits symbol
bits
010 01 2 0 -1
111 11 4 1 +1

If we assume that two subcarriers will be employed for
the PLC transmission scheme, then, the input bits for
selecting transmit subcarrier in Table | can be redesigned,
such that bit assignment for the subcarriers within a given
block of subcarriers of £ = 4 takes the form given in Table
I [12].

TABLE II: BIT ALLOCATION FOR TWO SUBCARRIER SELECTION

Input bits Index
00 1,2
01 34
10 23
11 1,4

B. Proposed System Model for PLC Subcarrier
Selection

1) Rotated subcarrier technique (S;)

The proposed subcarrier selection technique improves
on the technique given in [12] by employing cyclically
rotated APM symbols to improve the data rate. We present
the subcarrier selection in the form of codewords and
codebooks.

The proposed subcarrier selection technique improves
on the technique given in [12] by employing cyclically
rotated APM symbols to improve the data rate. We present
the subcarrier selection in the form of codewords and
codebooks [22].

Codebook1l = 12 23 34 41
Codebook2 = 13 24 31 42 (3
Codebook3 = 14 21 32 43
TABLE I1l: CODEBOOK DESIGN FOR SUBCARRIERS
Codebook Subcarrier Used/ Codebook matrix
Unused
1,2 used [sy s; 0 0]F
2,3 used [0 s; s, 0]Tei®r
Codebook 1 3.4 used [0 0 s; s;]Tel?:
41 used [s2 0 0 s,]7ei®
1,3 unused [s; 0 s, O]T
2,4 unused [0 s; 0 s,]T
Codebook 2 3,1 unused [s; 0 s; 0]T
4,2 unused [0 s, 0 s
14 used [s7 0 0 s,]7eib
2.1 used [s, s; 0 0]Tel®
Codebook 3 32 used [0 s, s; O]elb
43 used [0 0 s, s4]7ei®
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If we assume that the selected symbols for the two
selected subcarriers are s; and s,, where s;, for i € [1: 2]
is a symbol of an M -ary APM constellation y =
[51,+*+, su ], where M is the constellation size of y. Then,
the output vectors based on the cyclic subcarrier
arrangement is as presented in Table III.

In Table 1, 6, is defined as:

_(i—=Dm

3 (4)

6;

where i € [1:8].

Based on the subcarrier arrangement given in Eg. (3),
the number of subcarrier combinations possible, given that
two subcarriers are selected for communication out of the
¢ subcarriers within a block is #(£ —1). Whereas the
number of bits per subcarrier group for the subcarrier
selection scheme in [12] is Ry,q = b + log, Loy Dits,

whereb = 2log, M and L,;; = lmz_l)J . The number of
2p

bits that can be achieved using the proposed method is
given as:
(£ —1)
Rnpew = 21logy M + log; a2 )
2p

For example, given that the number of subcarriers
within a group to be employed is £ = 4 and that the M-ary
QAM (MQAM) scheme that is employed is 4QAM. The
number of bits for R, = 2log, 4 +log, 4 =4+2 =6.
However, the number of bits per subcarrier group for the
proposed scheme is R;, = 2log, 4 +1log,8=4+3=7.
This improvement is significant because the number of bits
gained is proportional to the number of blocks that exist
within a single OFDM block. For example, if an OFDM
symbol has a size of N = 256, the number of bits gained
bgain by transmitting the OFDM symbol over a PLC
channel can be given as:

N(Rnew - Rold)
£

bgain -

(6)

2) Rotated symbol technique (S,)

TABLE IV: ROTATED SYMBOL TECHNIQUE FOR () SUBCARRIER

SELECTION
. Selected k = 2 rotation
Input bits - .-
subcarrier multiplier
00 1,2 1,1
01 34 1,e®
10 2,3 el?,1
11 1,4 elf,ei®

This method enhances the data rate by selectively and
temporally rotating the symbols of the selected subcarriers.
A major advantage of this method is that it can be
employed on pre-existing subcarrier selection techniques
to improve the data rate. Furthermore, this method
increases the data rate based on the number of selected
subcarriers needed for transmission within a given OFDM
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subcarrier block. For example, if the number of selected
subcarriers within an OFDM subgroup is k = 2, the
number of extra bits that are required for the transmission
when compared to the conventional technique is 2 bits.
The rotation of symbols for a block of four subcarriers
having two selected subcarriers is presented in Table V.
Given that the symbol rotation technique is applied to
the subcarrier selection scheme with M = 4, k = 2, and
£ = 4, the number of bits per subcarrier group is given as:

(lm -1) j )
Rs, = 2log, M + log, — +k (7
2p

where M is the constellation size of the APM symbol
employed and ¢ is the subcarrier block size. Whereas the
number of bits for R, is 6 bits when 4QAM is employed,
and the number of subcarriers for each subgroup is 4,
whereas the number of bits for Scheme S, is 8, 2 bits are
employed to select the two subcarriers needed for
transmitting two MQAM symbols, 4 bits are employed to
select the two MQAM symbols and an additional 2 bits to
select the subcarrier rotation for the respective symbols as
given in Table IV. As an example, assume that the bit
stream 10101101 is to be transmitted using this scheme,
the first 2 bits "10” will be used to select subcarriers 1,4
as given in Table Il. The next four bits 10 11 will be
employed to select two M QAM symbols x; and x, for
X; € [x1--xy] . The remaining 2 bits 01 will be
employed to select the rotation
1,¢/% presented in Table IV which is then used to multiply
the symbols x; and x,, respectively. In summary, the
symbol x; will be transmitted on subcarrier 1, while x,e’/®
will be transmitted in subcarrier 4.

IV. SIMULATION RESULTS AND DISCUSSION

This section presents the simulation results of the
proposed schemes S; and S,. Furthermore, the results for
S, are compared with the results of a similar scheme in
[12]. However, for the results of S; we made an unfair
comparison since the data rate per subcarrier group will
always be 1 bit greater than R,;4 [12]. For the different
figures, we have used the notation (S;, Rs;, MQAM) for
i € [1:2], to indicate the application of additive white
Gaussian noise (AWGN) only. In some instances, where
the simulation involves the inclusion of impulse noise
together with AWGN in the simulation, we have used the
notation (S;, Rs;, MQAM, IM). The property of impulse
noise employed for the simulation is the Gilbert-Elliot
model having parameters as defined in [12].

Fig. 3 shows the plots for the proposed Scheme S;, an
which offers improved data rate by employing the rotated
subcarrier technique. Although the error performance is
unfairly compared with [1] due to the different spectral
lengths, we have included both plots. This is necessary so
that the bit-error rate performance is viewed in partial
comparison with the pre-existing scheme. From the plots
shown in Fig. 3, we find out that like the S,;; scheme, the
S; scheme exhibits an improved bit-error-rate
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performance for AWGN when the signal-to-noise ratio 5—5

o

is less than 10 dB. For example, the S; scheme can
achieve an average bit-error probability of 10~5 when 4-
QAM modulation is applied under AWGN when the
signal-to-noise ratio is 9.5 dB. However, to achieve the
same average bit-error probability of 1075 in the presence
of AWGN and impulse noise, the S; scheme will require
27.5 dB using the same modulation of 4-QAM. For R, =
11 bits per subcarrier group with 16QAM modulation, the
S; scheme can achieve an average bit-error probability of
105 with a signal-to-noise 18 dB for AWGN. For the
Rs, =11, M = 16 with AWGN and impulse noise, the
105 average bit-error probability is achieved by a signal-
to-noise ratio of 31 dB. Comparing the plots for Scheme
S; and S,;4 under AWGN and impulse noise, it can be
seen that there is an improvement of at least = 1 dB gain
by the S, over the corresponding S,;; schemes.

Considering Fig. 4, which presents plots for the rotated
symbol scheme S,. The plots for the S, and S,;; schemes
give a fair comparison of the two schemes since the data
rate being compared is the same. The performance of the
S,1a @nd S, techniques seem to show similar performance
for Rg, = Ry1q = 6 bits per subcarrier group having only
AWGN at the receiver.

:
—-6-—8,, 10, 16QAM IM
—6—8,, 11, 160AM IM
—-%-—8_,6,40AM IM
— % S,,7.40AM IM
—x—8,, 11,160AM
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Figure 3. BER Performance for PLC Schemes with Py, = 0.1, P, =

09,T=10"2k=1and h = 0.5 (5,4 and S,)
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Figure 4. BER Performance for PLC Schemes with Py, = 0.1, P, =
09, T=10"2k=1and h = 0.5 (S,,q and S,)
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For example, at a signal-to-noise ratio of 8 dB, both
schemes can attain an average bit-error probability of 1075,
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However, a slightly different trend is presented by the plots
for Rg, = Ryiq = 8.

The S, plots show superior performance when the
signal-to-noise ratio is between 2 and 10 dB. However, at

% > 10 dB, the plots demonstrate similar performance.
o

For instance, the S, scheme achieved ~ 1 dB gain at an
average bit-error probability of 4 x 1073, however, both
schemes achieved an average bit-error probability of 105
when the signal-to-noise ratio is = 12 dB. Referring to the
simulation plots which combine the PLC noise (impulse
noise and AWGN), the plots demonstrate that for Rg, = 6
and Rs, = 8, the S, scheme was able to achieve an average
bit-error probability 10~5 when the signal-to-noise ratio is
~ 21 and 22 dB, respectively. However, in comparison
with their S,;; counterpart, it is observed that the S,
scheme has a superior performance of at least 7 dB gain
over the R; =6 and Rg, =8 Furthermore,

comparing the two schemes i.e., S; and S,, it is quite
evident that the S, scheme has a robust performance in
dealing with impulse noise. This is supported by the fact
that, even at a higher data rate of Rs, = 8, the S, technique
requires only a maximum of 22 dB in signal-to-noise ratio
to achieve an average bit-error probability of 107> while
Scheme S; require 27.5 dB to attain an average bit-error
probability of 10~5 when Rg, =7, a data rate which is
less than R, .

V. CONCLUSION

This paper presented two techniques for improving the
data rate of PLC systems, viz: subcarrier rotation and
symbol rotation techniques. Depending on the method
used, the techniques can increase the data rate and combat
effectively AWGN and PLC's impulse noise. Of the two
techniques presented in this paper, the S, scheme
demonstrated the most encouraging results in terms of
increased data rate and improved signal-to-noise ratio gain
which is greater than 7 dB in the presence of AWGN
impulse noise. The significance of this is that a large
amount of bits can be transmitted using the same
bandwidth. However, if the desire is to maintain quality of
service, then, employing low-order QAM will offer BER.

VI. FUTURE WORK

The current work focused on the improvement of the
spectral efficiency of PLC systems using different
techniques, in the future, areas such as low computational
complexity detectors for PLC systems would be very
important as the popular maximum-likelihood detector
consumes a lot of processing resources like the processor
or power consumption. Furthermore, the application of Al
in many engineering problems has changed the
engineering sphere in many areas. More recently, the
application of machine learning or deep learning to detect
transmitted symbols has been applied in many areas of
wireless communication. In the future, the aspect of deep
learning and machine learning can be applied to this aspect
of PLC to improve the various detection techniques.
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